An indirect "sandwich" enzyme-linked immunosorbent assay (ELISA) using polyvalent and monovalent antisera was compared with the 50% complement fixation (CF,,) test for the detection of foot-and-mouth disease (FMD) O, A, and C virus types. ELISA was more sensitive than CF,, tests when polyvalent antisera were used for detecting the 3 types of virus in epithelial samples, whereas ELISA using monovalent antisera was the least sensitive technique. The ELISA performed with polyvalent antisera was 9 times more sensitive for detecting FMD virus than that with monovalent antisera. However, viral isolation in cell culture was the most sensitive detection system. The combined use of ELISA with polyvalent antisera and cell culture inoculations was the most effective procedure for identifying FMD virus in epithelial samples from the field.
Foot-and-mouth disease (FMD) virus belongs to the lated in South America and included 29 type O, 60 type A, genus Aphthovirus (Picornaviridae) and causes an acute, and 21 type C viruses. 2 highly infectious disease in cloven-hooved animals, Field samples. Two hundred forty-eight epithelial samples which has a dramatic impact on livestock production from lesions of suspected cases of FMD in cattle received and trade. 4 Seven distinct serologic types and many for diagnosis at the PAFMDC between 1988 and 1991 from virus subtypes and variants have been identified world-9 South American countries were used in the present study.
wide. 13 Types O, A, and C are prevalent in South Amer-Upon receipt, a 20% suspension of each sample was prepared ica. 2 in Dulbecco's phosphate-buffered saline and was ground with Because of the high variability of the FMD virus, sterile sand using a mortar and pestle. The suspensions were an efficient typing of field samples by complement fix-frozen, thawed, and clarified by centrifugation at 1,500 x g ation (CF) and enzyme-linked immunosorbent assay for 10 min. The supernatant fluids were designated as original suspensions (OS) and were assayed at this concentration by (ELISA) requires the use of high-titered serotype-spe-ELISA and CF,,. cific antisera that are also broadly reactive within the Aliquots of OS were inoculated onto BHK cells 12 grown serotype. 8 To obtain this reagent, a mixture of different as monolayers in 2-liter roller bottles. Confluent monolayers monovalent antisera was proposed, 17 and type-specific were washed with 100 ml of minimum essential medium polyvalent antisera for use in the 50% complement with Hepes 10 mM and Tris 10 mM without serum (MEM), a fixation (CF,,) test was developed. 3 and 200 ml of the same medium was added to each culture In this paper, ELISA tests using polyvalent and before it was inoculated with 1.0 ml of OS. The bottles were monovalent antisera and CF 50 tests with polyvalent incubated at 37 C and rolled continuously. When the cytosera were used and their relative efficiency compared pathic effect (CPE) was evident or 48 hr later, the cells were for diagnosis and typing of FMD virus in laboratory harvested, frozen, thawed, and centrifuged at 1,500 x g for and field samples. 10 min. The supernatant fluids were tested directly by ELISA and CF,,. Two additional tissue culture passages were made
Materials and methods
with samples that showed no CPE or were negative by ELISA and CF,,. If there was no CPE at that point and FMD virus Reference samples. A battery of 110 baby hamster kidney was not identified by ELISA or CF,,, the specimen was con-(BHK) suspensions of FMD virus from the strain collection sidered negative for FMD virus. of the Pan American Foot-and-Mouth Disease Center/Ref-
Virion (146s) and subunit (12S) antigens. Suspensions of
erence Laboratory for the Americas (PAFMDC) was exam-virus grown in BHK cells were purified by CsCl gradients to ined by ELISA and CF,, tests. The strains selected for study obtain 146S antigen. 5 The 12S antigen was prepared by heatwere representative of the more important FMD strains iso-ing and acidification of 146S antigen. 14 Antisera. Monovalent antisera were prepared in rabbits (source of capture antibody) and guinea pigs (source of de-From the Pan American Foot-and-Mouth Disease Center (PAHO/ tection antibody) by intramuscular inoculation of the inac-WHO), PO Box 589, 20.001 Rio de Janeiro, RJ, Brazil.
tivated 146S antigens after emulsion in Freund's incomplete
Received for publication October 15, 1991. adjuvant (FIA) of virus O1 Campos-Br/58, A24 Cruzeiro- Br/55, and C3 Indaial=Br/71 into respective groups of animals for each serotype. The immunizing scheme used has been previously described. 14 Monovalent guinea pig antisera were treated with normal bovine serum (NBS) prior to use. 14 Polyvalent antisera were produced in rabbits (capture antibodies) by inoculating pools of the strains of each serotype of inactivated 146S antigen of O, A, or C virus types grown in IB-RS-2 cells 7 emulsified in FIA. Six weeks later, animals were inoculated with 146S antigen without FIA, and blood samples were taken the following week. Polyvalent antisera for antigen detection by CF,, and ELISA were prepared by infecting and hyperimmunizing guinea pigs with guinea pigadapted infectious virus as described previously. 3 For the production of polyvalent antisera, the following strains were A-85 Colombia/85 for type A; and C1 Noville-Swit/65, C2 Pando-Urug/44, C3 Resende-Br/55, C3 Indaial-Br/71, C3 Argentina/85, C4 Tierra de1 Fuego-Arg/66, and C5 Argentina/69 for type C. All antisera were inactivated at 56 C for 30 min, aliquoted, and stored at -20 C.
Adsorption of polyvalent guinea pig antisera was carried out for use in ELISA tests by mixing the antisera with an equal volume of 300 µg/ml inactivated 146S antigen of heterotype O1 Campos-Br/58, A24 Cruzeiro-Br/55, or C3 Indaial-Br/71, as determined by isodensity centrifugation in a CsCl gradient, 6 and solutions were allowed to react for 1 hr at room temperature. The mixture was then centrifuged at 150,000 x g for 4 hr, and the supernatant was aliquoted and stored at -20 C.
Complement fixation test. The CF,, tube test 1 used for vesicular stomatitis virus and FMD virus typing by diagnostic laboratories in South America and at the PAFMDC was employed. Unadsorbed polyvalent guinea pig antisera containing 2.5 50% fixation units of complement (FUC 50 ) against the corresponding homologous type virus O1 Campos-Br/58, A24 Cruzeiro-Br/55, or C3 Indaial-Br/71 were used in the dilution. The 50% hemolytic units of complement (HUC 50 ) added to each antigen were previously determined by titration. Antigens were used in the original suspensions. Sera, antigens, and complement, in 200-µl volumes, were incubated at 37 C for 30 min before adding 400 µl of he-molytic system with an optical density (OD) of 0.66, determined spectrophotometrically at 545 nm. The mixture was allowed to react for 30 min at 37 C, the tubes were centrifuged, and the intensity of reaction was determined by measurement of the OD on a spectrophotometer. Samples were considered positive for a given type when their OD was ≤ 20% for 1 antiserum than that of the 2 heterologous antisera and the controls.
ELISA procedure. The indirect sandwich ELISA 1 was adapted for FMD virus typing. The ELISA plates Immulon l b were coated overnight at 4 C with 100 µl of O, A, and C rabbit antisera and normal rabbit serum in the appropriate dilution in carbonate/bicarbonate buffer, pH 9.6. The plates were then washed once with Dulbecco's phosphate-buffered saline free of Ca and Mg (PBS) and adsorbed for 1 hr at room temperature with 1% ovalbumin c in PBS. Antigens were also tested undiluted in 50-µ1 volumes and incubated for 1 hr at 37 C in a plate shaker. Guinea pig sera and conjugate (goat IgG anti-guinea pig IgG/peroxidase) were used in 50-µ1 volumes of a dilution that produced an absorbance of 2.0, as determined by checkerboard titration against homologous viruses, and incubated for 30 min at 37 C in a plate shaker. Antigens, guinea pig sera, and conjugate were diluted in PBS containing 0.05% Tween-20, c 1% ovalbumin, 2% normal rabbit serum, and 2% NBS and incubated for 30 min at 37 C before being added to plates. o-Phenylenediamine substrate was added at 50-µ1 volumes. The reaction was allowed to proceed for 15 min at room temperature and was stopped by the addition of 50 µl of 3N H 2 SO 4 . Between steps, plates were washed 4 times with PBS containing 0.05% Tween-20.
Antigens with absorbance of ≥ 20% for 1 antiserum compared to that of the heterologous antisera and controls were considered positive for the corresponding type.
Antigen titrations were performed in duplicate with 3-fold antigen dilutions and fixed dilutions of the other reagents. End-point titers were expressed as the dilution giving 50% of the absorbance recorded in the antigen dilutions referred to the absorbance of the undiluted antigen according to the method of Spearmann-Karber.
The ELISA performed with monovalent rabbit and guinea pig antisera was designated ELISA-M, and the ELISA carried out with polyvalent rabbit and guinea pig antisera was designated ELISA-P.
Results

Comparison of ELISA with CF 50 test
Reference samples. BHK cell suspensions of 110 FMD viruses from the PAFMDC strain collection were examined by ELISA-P, ELISA-M, and CF,, to assess their ability to distinguish the more important FMD virus strains isolated in South America. Table 1 shows that the ELISA-P gave positive results in all 110 samples examined, whereas the ELISA-M failed to identify virus in 8 samples of type A and in 3 of type C. The CF 50 test did not detect virus in the sample C Leticia-Co1/70 (Table 1) .
Field samples. The results obtained in the 248 cattle epithelial samples examined by ELISA and CF 50 are ELISA-M and ELISA-P were compared by titrating 24 different strains of FMD virus from the PAFMDC strain collection maintained in BHK cells: 8 each of shown in Table 2 . The CF,, gave positive results in 41.1% of the OS materials, ELISA-M detected virus in 39.5%, and ELISA-P was positive in 58.1% of the cases. All specimens positive by CF,, and ELISA-M were also positive by ELISA-P. Of the 248 OS inoculated in BHK cell cultures, 179 (72.2%) showed specific CPE and typing by ELISA-P, whereas the CF 50 and ELISA-M detected virus in 177 and 176 of the same samples, respectively ( Table 2) . FMD virus was not isolated from 4 OS that were positive by ELISA-P, 2 of which were also negative by ELISA-M and CF 50 . Combining the direct OS and the cell culture inoculation results, ELISA-P identified virus in 183 samples (73.8%). Of the 183 positives, 76 were of type O, 88 type A, and 19 type C. There was complete agreement between the typing results obtained by ELISA and CF 50 for virus obtained from OS and from cell culture of the same strain.
Detection of 146S and 12S antigens
types O, A, and C isolated in Europe and South America from 1929 to 1989. The reactivity of the 8 type A strains is shown in Table 3 . In all cases, the ELISA-P was more efficient than the ELISA-M for detecting smaller antigen concentrations. The intensity of reactions provided by ELISA-P with the 1:9 virus dilution was similar to that obtained by ELISA-M with undiluted virus ( Table 3) .
Cross-reactions in ELISA
To determine the origin of the cross-reactions observed in ELISA, adsorbed rabbit and guinea pig O, A, and C FMD virus antisera were assayed by ELISA. The adsorbed guinea pig polyvalent antisera preserved the homotypic reaction and lost most of the heterotypic reactivity (Table 4 ). Monovalent antisera showed less heterotypic reaction than polyvalent antisera, therefore adsorption was not necessary.
When adsorbed rabbit antiserum was used as capture, the heterotypic reactions were removed and the homotypic reactivity was reduced drastically (data not shown). Therefore, the ELISA-P was performed using unadsorbed rabbit antisera as capture.
Discussion
The present study demonstrates that the indirect sandwich ELISA using polyvalent detector antisera To determine the ability of the test to detect deprepared by multiple inoculations of guinea pigs with graded virus, 146S antigens and 12S antigens derived type O, A, and C infectious virus adapted to this species 3 from 24 of the O, A, and C (8 of each) FMD virus was more effective for the routine diagnosis of epithestrains used for determination of sensitivity were tilial samples from presumptive cases of FMD infection trated by ELISA-P. The 146S antigen provided titers from South America than was the same technique us-15-25% higher in 18 viruses (4 type A, 7 type O, and ing monovalent antisera prepared against each virus 7 type C), whereas the remaining 6 samples had similar type. 14 Identical results were obtained by testing sustiters with both antigens.
pensions of BHK cells inoculated with virus from field Table 3 . Reaction intensity* obtained by ELISA with polyvalent (P) and monovalent (M) antisera for different dilutions of FMD virus strains in cell culture. Table 4 . Absorbance values obtained by ELISA at the optimal dilution with adsorbed (A) and unadsorbed (U) polyvalent guinea pig antisera as detecting antibodies and unadsorbed rabbit antisera as capture antibodies against the homotypic and heterotypic viruses. samples and from the PAFMDC strain collection. Similarly, ELISA with polyvalent antisera was equally effective for identifying 146S viral particles and the 12S antigens resulting from viral degradation in vitro.
The observed superiority of the sensitivity of CF,, tests using polyvalent antisera when compared with that of ELISA-M does not agree with the higher sensitivity reported for this ELISA in comparisons using conventional CF tests. 11, 14, 16 However, the titers of reagents used in the CF,, technique' were adjusted to a dilution containing 2,5 FUC 50 against homologous antigen to use the correct amount of UHC 50 by previous determination of the complement requirement for each antigen and, particularly, to the use of the polyvalent sera. Similarly, the use of the polyvalent antisera may also account for the superior sensitivity obtained with ELISA-P in this study.
The present findings may also help obviate problems associated with baseline cross-reactivity. 6, 10, 11, 14 Because the capture and detection antisera prepared from antigens obtained from FMD virus-infected BHK cell culture suspensions react with bovine serum components, the detection antisera must be adsorbed with NBS prior to its use in the ELISA. 14 In contrast, no adsorption was necessary for polyvalent detection antisera because they were prepared with virus adapted to the species used for antibody production. 1, 3 Other cross-reactions result from the fact that 146S particles have epitopes in common with the heterologous virus types. 15 Therefore, the polyvalent guinea pig antisera require adsorption with the heterologous viruses. However, it was not necessary to adsorb monovalent guinea pig antisera because these sera were prepared by only 1 inoculation of antigen and crossreactions among FMD virus serotypes increase with the number of inoculations and the amount of antigen used in the inoculum (data not shown). Also, these ELISAs were carried out using a capture system based on rabbit antisera produced with antigen grown in IB-RS-2 cells, and detector antisera were prepared in guinea pigs by inoculation of infectious virus. Therefore, nonspecific reactions against BHK cell antigens and bovine serum components were eliminated.
Inoculation of 1 ml of the sample in 200 ml of MEM in 2-liter roller bottle BHK cultures made diagnosis possible in 72.2% of the field samples, whereas virus was identified only in 58.1, 41.2, and 39.5% of the same 248 epithelial samples by ELISA-P, CF 50 , and ELISA-M, respectively. Because results of tissue culture inoculations become available only after 2-7 days, the most rapid and effective procedure for detecting and typing FMD virus consists of testing field samples directly by ELISA-P, followed by inoculation of all negative samples into cell cultures.
